Introduction
The blue shift of the emission in the microcavity organic light emitting diodes (OLEDs) is a well established phenomenon [1] [2] [3] . Due to broad emission spectrum of the commonly used material tris(8-hydroxyquinoline) aluminum (Alq), the shift of the emission peak to shorter wavelengths with the increasing viewing angle is substantial (580 nm to ~530 nm at 50°, and 560 nm to ~530 nm at 40° [3] , 610 nm to ~500 nm at 80°, and 540nm to ~500 nm at 50° [2] ). While it is possible to tailor the emission from microcavity OLEDs and even achieve multipeak emission [1, 4] , the blue shift of the emission is an unavoidable consequence of the change of the resonant condition of the microcavity. Several methods based on theoretical calculations, such as the use of layers with higher dispersion [5] or the use of chirped Bragg mirrors [6] , have been proposed for the reduction of this shift. Another possible solution is blocking of the emission at larger incident angles, and recovering the wide viewing angle with a scatterer [7] . However, this typically results in significant power losses. The problem of achieving low emission wavelength shift with increasing viewing angle by optimization of the microcavity structure itself has not yet been resolved. Very weak angular dispersion of the emission was also reported in a polysilane based microcavity operating in a strong coupling regime [8] . However, it is generally assumed that strong coupling regime requires narrow absorption or emission spectrum of the active material [9, 10] . Thus, there were no reports on strong coupling for materials typically used in organic light emitting diodes.
In this work, we fabricated Alq based microcavities with low Q factor. The thickness of the bottom mirror was determined from the conditions required to achieve brightness enhancement outlined in Ref. [11] . For a material with a broad emission spectrum, low Q factor is required to achieve brightness enhancement [11] . For certain values of N,N′-di(naphthalene-1-yl)-N,N′-diphenylbenzidine (NPB) and Alq thicknesses, negligible change of the CIE coordinates with the viewing angle can be achieved. Fabricated devices were characterized by electroluminescence, photoluminescence, transmittance, and reflectance measurements. Possible reasons for the reduced emission wavelength shift with increasing viewing angle are discussed.
Experimental and calculation details
The devices consisted of a copper bottom mirror which served as the anode, a layer of NPB as the hole transport layer, a layer of Alq as the electron transport/emitting layer, and top silver cathode (~70 nm). The NPB and Alq (from H. W. Sands) were purified by sublimation before device fabrication. Microcavity OLEDs were fabricated by evaporation in high vacuum (~10 -6 Torr). The thickness of the organic layers and the bottom mirror were varied to achieve the desired effect. To investigate the effects of the bottom mirror thickness, microcavity OLEDs on substrates with different Cu mirror thickness were fabricated during the same deposition process to exclude the effects of possible organic layer thickness variations. Microcavity OLEDs containing Alq layer only with the same total thickness were also fabricated in order to verify that the observed effects were due to Alq emission. HeCd laser (325 nm) was used as the excitation source for photoluminescence (PL), while for electroluminescence (EL)
Keithley 2400 source meter was used to bias the devices. The spectra were recorded using fiberoptic spectrometer PDA-512-USB, Control Development Inc.
Transfer matrix model was used to calculate the reflectance and transmittance spectra, while the emission spectra were calculated from following equation [12] In all calculations, the signs for phase angles were taken to be consistent with the exp(jωt) convention [12] . The optical functions of each layer were determined by spectroscopic ellipsometry and described by a Lorentz model for Alq and NPB, and by a Lorentz-Drude model for silver and copper. The reflectance and transmittance of the devices were modeled using a transfer matrix model, and the calculated results for bottom mirror were corrected for the incoherent reflection from the backside of the quartz substrate [12] . The angular dependences of the emission spectra were also investigated. It was found that, for a certain thickness, the microcavity devices do not exhibit significant dependence of the emission color on the viewing angle. Figure 2 shows the electroluminescence spectra of the microcavity OLEDs with different Cu mirror thickness (~25 nm and ~60 nm). The emission from a device with two thick Ag mirrors is also shown. The thickness of the NPB and Alq layers was 53 nm and 125 nm, respectively. The inset shows the corresponding CIE coordinates. It can be observed that the dominant emission peak in the microcavity OLED with thin Cu mirror does not show any significant shift when the viewing angle increases. However, the peak position (yellow emission) is different compared to the free space (green) emission of the Alq.
Results and discussion
The lower energy peak shows the characteristic blue shift with increasing viewing angle, 6 and in the microcavity OLED with thicker Cu mirror its intensity increases more significantly with the increase of viewing angle. When two thick Ag mirrors were used (Fig. 2c) , the measured spectra at normal incidence showed only one narrow emission peak above 700 nm, and negligible emission in the 500-600 nm range. In this case, clear TE-TM mode splitting can be observed for larger viewing angles.
In order to further investigate the observed unusual behavior of these microcavity OLEDs, we measured the reflectivity at different incident angles. The results obtained for devices with bottom Cu mirrors of different thickness are shown in Fig. 3 . In both cases, the shape of the reflectance dips at shorter wavelengths indicates that these dips possibly correspond to two transitions. The reflectance dip above 800 nm is the second cavity mode. For the thick Cu mirror, TE-TM splitting for this mode can be clearly observed at higher viewing angles. The transmission measurements show similar features, although the feature in the range 500-600 nm is rather weak. Polarization dependence of the reflectance was also measured. The near-infrared reflectance dip exhibited polarization dependence, which confirmed that the splitting observed at higher viewing angles can be attributed to TE-TM mode splitting. However, two broad features in the range 400-600 nm exhibited no significant polarization dependence.
We also performed the photoluminescence studies, and the obtained results for NPB/Alq and Alq only microcavities with thin Cu mirror are shown in Fig. 4 . From the comparison of the two sets of spectra, it is obvious that the ~430 nm peak originates from the NPB. This is in agreement with the absence of this peak in the EL spectra. Both devices exhibit a near infrared peak which is blue shifting with the increasing viewing angle, and a peak between 500-600 nm which exhibits only weak (small red shift with 7 increasing angle in Alq only device) angular dependence. It should be noted that neither of the two higher energy features in Fig. 4a shows significant blue shift with the viewing angle, which is in agreement with the angular dependence of the reflectance.
The obtained results bear similarity to the polysilane based microcavities reported by Takada et al. [8] . However, it is commonly assumed that, in order to observe strong coupling, one should use a high Q factor cavity (i.e. highly reflective Bragg mirrors) and a material with a narrow absorption line. While it was shown that the Rabi splitting can be observed in a low Q-factor cavity [9] , strong coupling has not been observed in materials with broad exciton line. The Rabi splitting energy can be expressed as [13] : 
where γ c, γ e are the spectral widths (in eV) of the cavity and exciton modes respectively, α e is the peak absorption coefficient, and Γ is the cavity confinement factor that describes the overlap between the cavity mode and the absorption. It can be observed that the splitting is always a non-zero real number for matched cavity and exciton linewidths.
However, in order for splitting to be observed, following condition must be satisfied [14] :
Therefore, as long as the material exhibits large splitting (large oscillator strength), it could be possible to observe strong coupling. Since the possibility exists, we decided to examine the emission from these devices in more detail.
Comparison between emission from our microcavity devices and Alq film is given in Fig. 5a . The peak positions obtained from PL and transmission measurements for microcavity OLED with thin Cu mirror are shown in Fig. 5b . It can be observed that 8 there is a difference between the peak positions obtained from different measurements.
This is in agreement with the theoretical calculations, which predict large differences in the splitting obtained from different experimental data when the mirror reflectivity is not very close to 1 [15, 16] . The obtained dispersion curves can be fitted to the three coupled oscillator model [17, 18] . However, good agreement of the experimental data with the coupled oscillator model is not sufficient to confirm the existence of strong coupling, since it is also necessary that the obtained model parameters have reasonable physical values. Two exciton and one photon mode coupled oscillator model is described by a following matrix equation [17] :
where E ph , E ex1 , and E ex2 are the energies of photon mode and two exciton modes, V 1 and V 2 are the interaction potentials, E is the energy, and α, β, and γ are the coefficients of the basis functions for photon, E ex1 , and E ex2 . The obtained fitting parameters are E ex1 =2.14 eV, E ex2 =2.45 eV, E ph =1.90 eV, V 1 =0.1, V 2 =0.6, and n=1.7. Earlier publications indicate that there are more than one exciton level in Alq [19, 20] . Experimentally estimated triplet energy of 2.05 eV [21] is close to the theoretically predicted energy of 2.14 eV [22] , which is in good agreement with the position of one of the exciton modes obtained from the coupled oscillator model. The other exciton mode obtained from the coupled oscillator model is close to the maximum of sub-gap absorption (see Fig. 5a ), but it does not match the dominant absorption peak at 3.1 eV. However, the triplet excitons cannot satisfy the large oscillator strength requirement which is necessary to observe strong coupling. Therefore, in spite of the resemblance of the obtained results to some 9 previously reported strongly coupled organic microcavities [8, 9, 13] , it can be concluded that there is likely another explanation for the observed phenomena.
Another possible explanation of the observed phenomena is that, instead of strong coupling, we are simply observing uncoupled emission from the Alq modified by the transmission of the bottom mirror or the entire microcavity device. It has been previously shown that the interference effects can significantly affect the emission from Alq based OLEDs, although angular dependence of these devices was not studied [23] . Therefore, it is possible that the observed unusual lack of strong blue shift is simply a consequence of modification of the Alq emission by the interference effects in a microcavity. In order to further investigate this, we have fabricated microcavities with semitransparent Au, Cu, and Ag mirrors in the same deposition process. Obtained electroluminescence for viewing angles of 0° and 50° is shown in Fig. 6 . It can be observed that, while the intensity ratios of the peaks are different at 0°, their positions are the same. With increasing viewing angle, all three devices exhibit the same behavior. Therefore, observed phenomena do not depend on the bottom mirror material. This still does not exclude the possibility that the observed phenomena originate from the interference in the microcavity, since the top mirror in all three devices is the same. However, further studies are necessary to clarify the involvement of the subgap states and appearance of the emission peak above 650 nm which is unexpected for Alq due to its negligible luminescence in that spectral range.
Conclusions
We fabricated Alq based microcavity devices with two metal mirrors. By optimizing the thickness of the layers, yellow emission which does not exhibit significant 
